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HIGHLIGHTS 


•  Carbon  microspheres  have  been  prepared  by  reflux-calcinations. 

•  A  kind  of  catalyst  MnO*  loaded  on  the  carbon  microspheres  has  been  studied. 

•  The  composite  catalyst’s  BET  surface  isl278  m2  g_1. 

•  The  apparent  exchange  current  density  of  the  composite  catalyst  electrode  is  0.649  mA  cm-2. 

•  The  mechanism  of  oxygen  reduction  is  a  2e  pathway. 
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Carbon  microspheres  with  large  surface  have  been  synthesized  from  sucrose  in  H2SO4  solution  by  reflux- 
calcinations  method.  The  catalyst  of  the  manganese  oxide  loaded  on  carbon  microspheres  surface 
demonstrates  significant  catalytic  activity  for  the  oxygen  reduction  reaction  in  alkaline  media  and  the 
mechanism  of  oxygen  reduction  is  a  2e  pathway.  It  shows  an  enhanced  efficiency  for  electrochemical 
properties  on  active  surface  and  apparent  exchange  current  density  0.649  mA  cm-2  (comes  from  the 
Tafel  plots)  for  oxygen  reduction  reaction.  This  enhancement  results  from  the  large  reaction  area  of  the 
7.32  wt.%  manganese  oxide  loaded  on  carbon  microspheres  as  well  as  the  porous  structures  between  this 
composite,  which  can  significantly  promote  the  efficient  diffusion. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

With  ever-increasing  widespread  applications  of  the  metal-air 
and  fuel  cells  in  alkaline,  the  catalyst  material  for  oxygen  reduc¬ 
tion  reaction  (ORR)  on  air  cathode  is  increasingly  urgent.  General 
requirements  of  the  catalyst  material  on  air  cathode  are  good  cat¬ 
alytic  activity  for  ORR,  electrolyte  corrosion  resistance,  great  con¬ 
ductivity  and  large  specific  surface  area.  During  past  decades,  a 
variety  of  non-precious  metals  1]  or  non-platinum  catalysts  [2,3] 
have  been  studied,  while  manganese  oxides  [4-9]  have  been 
identified  as  the  most  promising  candidates  for  the  ORR  catalyst 
because  of  their  low  cost,  abundance  and  the  considerable  catalytic 
activity  toward  electrochemical  ORR.  Early  reports  have  shown  that 
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the  catalytic  performance  of  MnOx  follows  the  sequence  of 
MnsOg  <  Mn304  <  Mn203  <  MnOOH  and  that  among  Mn02  phases, 
the  performance  sequence  turns  to  (3-  <  <  y-  <  a-Mn02  [10,11]. 

Four  commercial  Mn02  powders  (Tronox,  Sigma-Aldrich,  Merck 
and  Riedel  de  Haen)  have  been  published  by  Gyenge  and 
Drillet  [12],  whose  electrochemical  ORR  performance  are  similar  to 
our  catalysts  reported  in  the  following,  but  our  catalysts  show 
much  bigger  reduction  current  for  ORR  and  higher  electrochemi- 
cally  active  reaction  area  compared  to  the  four  commercial  Mn02 
powders.  The  studies  of  manganese  oxides  applied  in  metal-air  and 
fuel  cells  suggest  that  the  crystal’s  structure,  particle  size,  synthesis 
method  and  the  support  material  can  significantly  affect  the  cata¬ 
lytic  activity  for  ORR. 

In  addition  to  catalyst  preparation,  the  choice  of  a  suitable 
catalyst  support  plays  a  key  role  for  ORR  on  air  cathode.  Carbon- 
related  materials  can  enhance  the  catalytic  activity  and  reduce 
the  use  of  noble  metal  catalysts.  For  example,  carbon  nanotube  [13], 
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graphene  [14],  fullerenes  15],  nitrogen-doped  carbon  spheres  [16], 
carbon  [17],  carbon  spheres  [18]  have  been  researched.  We  pre¬ 
pared  a  kind  of  support,  carbon  microspheres  (CMs),  with  the  BET 
area  1110  m2  g-1  have  been  used  for  the  support  of  manganese 
oxide  in  this  paper. 

In  this  paper,  the  CMs  are  synthesized  by  reflux-calcinations 
method.  The  as-prepared  CMs  are  used  as  manganese  oxide  cata¬ 
lyst’s  support  for  ORR  in  alkaline  media.  The  composites  have 
excellent  electrochemical  properties  for  ORR  according  to  the 
electrochemical  measurements  steady-state  polarization,  cyclic 
voltammograms  and  impedance  spectra. 

2.  Experimental 

Synthesis  of  CMs:  (1)5  wt.%  sucrose  in  6  mol  L_1  H2SO4  solution 
was  stirred  and  heated  to  reflux  for  24  h,  then  the  mixture  was 
filtered  and  washed  with  deionized  water,  followed  by  dried  to 
obtain  the  precursor  of  CMs;  (2)  the  precursor  was  calcined  at 
1000  °C  for  2  h  in  muffle  furnace  and  cooled  to  room  temperature  in 
nitrogen;  (3)  the  above  samples  were  activated  at  450  °C  for  2  h  in 
air. 

Manganese  oxide  loaded  on  CMs  was  made  by  dissolving 
commercial  50  wt.%  Mn(N03)2  solution  in  an  aqueous  suspension 
of  CMs  powder  used  after  ultrasonically  blending.  Then,  the  solvent 
was  evaporated  and  the  composite  powder  was  submitted  to 
thermal  decomposition  under  nitrogen  at  320  °C  [19]  for  40  min. 
The  catalyst  with  3.13  wt.%  manganese  oxide  was  obtained  by 
reacting  0.022  g  Mn(N03)2  with  0.1  g  CMs  (denoted  as:  3.13%MnO >x/ 
CMs,  from  the  test  of  TGA).  The  catalysts  with  different  mass  frac¬ 
tion  of  manganese  oxide  7.32%MnOx/CMs  and  13.04%MnOx/CMs 
were  prepared  by  changing  the  weight  ratio  of  Mn(N03)2  to  CMs. 
(The  mass  fraction  of  raw  material  Mn(N03)2  are  10%,  20%,  40% 
respectively  to  3.13%MnOx/CMs,  7.32%MnOx/CMs  and  13.04%MnOx/ 
CMs.) 

The  working  electrode  (WEI)  for  the  electrochemical  mea¬ 
surements  of  polarization  curves  and  impedance  spectroscopy  was 
consisted  from  a  catalyst  layer,  a  gas  diffusion  layer  and  a  current 
accumulating  matrix,  which  was  prepared  as  following:  catalyst, 
acetylene  black  and  PTFE  in  the  8:1:1  mass  ratio  in  ethanol  to  form 
a  homogeneous  paste  that  was  rolled  into  a  0.3  mm  thick  sheet.  The 
gas  diffusion  layer  was  prepared  as  described  in  document  [11  ].  The 
working  electrode  was  finished  by  pressing  the  catalyst  layer  and 
gas  diffusion  layer  onto  a  nickel  mesh  at  200  kg  cm-2  [20]. 

The  other  working  electrode  (WE2)  for  cyclic  voltammograms 
(CVs)  measurement  was  fabricated  by  casting  the  ethanol 
impregnated  as-prepared  MnOx/CMs  catalysts  ink  onto  a  glass 
carbon  (GC)  electrode  (3  mm  diameter),  which  was  then  allowed  to 
dry  under  an  infrared  lamp. 

Electrochemical  measurements  were  performed  in  a  three- 
electrode  cell  [21  with  WEI  (one  side  to  the  air,  one  side  to  the 
electrolyte)  or  WE2  (CVs)  as  working  electrode,  a  Ni-mesh  served  as 
counter  electrode  and  Hg/HgO  electrode  used  as  reference  elec¬ 
trode  in  6  M  KOH  solution. 

3.  Results  and  discussion 

All  samples’  steady-state  polarization  curves  can  be  seen  from 
Fig.  la,  in  which  the  effect  of  manganese  oxide  on  the  CMs  is  quite 
obvious.  The  electrode  with  7.32%MnOx/CMs  owns  lowest  over¬ 
potential  and  highest  reduction  current  for  ORR  compared  to 
others,  demonstrating  the  best  performance  for  ORR.  In  order  to 
further  verify  this  result,  the  Tafel  plots  of  all  samples  are  emerged 
in  Fig.  lb.  The  apparent  exchange  current  density  from  Tafel  plots 
are  0.048  mA  cm-2  for  CMs,  0.25  mA  cm-2  for  3.13%MnOx/CMs, 
0.649  mA  cm~2  for  7.32%MnOx/CMs  and  0.631  mA  cm-2  for  13.04% 


Fig.  1.  Steady-state  polarization  curves  for  the  four  air  cathodes  in  air  saturated  in  6  M 
KOH  (a)  and  Tafel  plots  of  the  four  samples  (b).  298  K. 


MnOx/CMs,  respectively.  The  number  value  of  13.04%MnOx/CMs  is 
similar  to  7.32%MnOx/CMs,  but  the  performance  tests  show  that 
7.32%MnOx/CMs  is  better  than  13.04%MnOx/CMs  from  the 
following  tests.  It  can  be  explained  that  the  larger  loading  leads  to 
lower  electrical  conductivity  and  bigger  ohmic  polarization  than 
7.32%MnOx/CMs.  What’s  more,  at  the  large  current  density  espe¬ 
cially  after  200  mA  cnrT2,  13.04%MnOx/CMs  shows  more  obvious 
ohmic  potential  drop,  so  from  the  overall  terms,  the  performance 
shows  that  7.32%  is  better  than  13.04%.  The  result  suggests  that  the 
7.32%MnOx/CMs  air  cathode  performs  a  highest  catalytic  activity, 
which  is  suitable  for  cathode  materials. 

To  confirm  the  compound  of  this  best  catalyst,  the  XRD  patterns 
of  the  CMs  (a)  and  7.32%MnOx/CMs  (b)  are  shown  in  Fig.  2.  Fig.  2a 
shows  the  standard  pattern  of  carbon  with  the  presence  of  two 
peaks  at  26  =  26°  and  44°,  which  are  reflections  from  the  (002)  and 
(101)  planes  (JCPDS  No.  75-1621).  The  peaks  at  26  =  28.7°,  38.8°, 
45°,  59°  and  60°  are  indexed  to  the  (110),  (101),  (210),  (211)  and 
(220)  facets  of  Mn02  (JCPDS  PDF  01-0799)  as  shown  in  Fig.  2b. 
Some  peaks  of  MnC^  are  not  obvious  because  these  are  covered  by 
carbon’s  wide  peak.  Other  peaks  at  26  =  32.3°,  36.1°  can  be 
attributed  to  the  Mn304  (JCPDS  PDF  24-0734).  Obviously  the 
amount  of  Mn304  in  the  catalyst  is  very  low.  These  results  suggest 
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Fig.  2.  XRD  patterns  of  CMs  (a)  and  7.32%MnOx/CMs  (b). 

that  manganese  oxides  are  successfully  deposited  on  the  CMs  and 
the  manganese  oxides  are  mainly  Mn02. 

Fig.  3  shows  RHTEM  images  of  the  as-synthesized  CMs  (a,  b)  and 
7.32%MnOx/CMs  (c,  d)  catalyst.  It  can  be  observed  from  Fig.  3a  that 
the  CMs  with  diameter  about  400  nm  have  smooth  edge  (Fig.  3b). 
Fig.  3c  shows  the  image  of  7.32%MnOx/CMs,  whose  diameter  are 


relatively  larger  than  CMs,  due  to  the  homogeneous  distribution  on 
the  surface  of  CMs  by  manganese  oxides.  The  rough  surface  of  7.32% 
MnOx/CMs  (Fig.  3d)  stems  from  the  manganese  oxides’  attachment, 
compared  with  CMs’  smooth  edge. 

The  N2  adsorption/desorption  isotherm  of  7.32%MnOx/CMs 
studies  reveals  a  typical  type  IV  classification  which  is  characteristic 
of  micropore  materials  as  shown  in  Fig.  4a.  The  pore-size  distri¬ 
bution  is  centered  at  0-2  nm  while  relatively  lower  proportion 
peaks  are  centered  at  6  and  15  nm,  as  observed  in  Fig.  4b.  The  nano¬ 
sized  pores  in  the  mesoporous  structure  significantly  allow  efficient 
diffusion  which  enhances  the  electrode/electrolyte  contact  area 
[22].  The  BET  surface  area  of  the  sample  is  observed  to  be 
1278  m2  g-1  which  is  higher  than  that  of  CMs  (1110  m2  g-1).  These 
characteristics  not  only  increase  the  reaction  area  of  the  ORR  but 
also  improve  the  electrochemical  activity. 

Fig.  5  shows  the  CVs  with  the  potential  range  from  -0.65  to 
0.2  V  of  7.32%MnOx/CMs  electrode  in  different  ambience  in  6  M 
KOFI:  in  N2-purged  (a),  in  air  saturated  (line  A)  and  in  0.5  mM  H202 
of  6  M  KOFI  (line  B)  (b),  at  different  scan  rates  (c).  The  CVs  exhibit 
two  cathodic  and  anodic  peaks,  labeled  as  pc  and  pa,  respectively 
(especially  pronounced  at  1  mV  s-1  in  Fig.  5c).  The  pc  and  pa  peak 
potentials  are  consistent  for  all  different  ambience:  around  -0.4  V 
(for  pc)  and  about  -0.2  V  (for  pa),  respectively.  From  the  literature 
[12],  it  can  be  inferred  that  the  presence  of  a  voltammetric  reduc¬ 
tion  peak  at  -0.4  V  vs.  FIg/FIgO  is  a  typical  feature  of  electroactive 
Mn02  sample  and  the  oxidation  pa  peak  at  -0.2  V  is  attributed  to 
the  forming  MnOOH.  The  objective  of  Fig.  5a  is  to  investigate  the 


Fig.  3.  RHTEM  images  of  CMs  (a,  b)  and  7.32%MnOx/CMs  (c,  d). 
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Fig.  4.  Nitrogen  adsorption  isotherm  (a)  and  pore  size  distribution  (b)  of  the  7.32% 
MnOx/CMs. 


intrinsic  electrochemical  behavior  of  the  Mn02  powders  in  the 
absence  of  oxygen,  pi  and  the  characteristic  peak  of  H2O2  appear  at 
the  same  potential  -0.2  V,  but  the  peak  current  of  H2O2  is  much 
higher  than  pi  as  shown  in  Fig.  5b.  It  has  been  reported  that 
manganese  oxides  are  highly  catalytically  active  toward  the 
peroxide  decomposition.  [11,23-26]  Hence  there  is  a  presence  of 
the  intermediate  H2O2  formed  on  Mn02  at  the  first  step,  and  it  can 
be  consumed  almost  instantaneously. 

Based  on  Fig.  5,  the  ORR  mechanism  on  manganese  oxides  can 
be  identified  by  a  2-electron  reduction,  the  peak  around  -0.2  V 
could  attributed  to  the  reduction  of  O2  to  H02  as  described  in  Eq. 
(1)  and  the  peak  around  -0.4  V  shows  the  electrochemically 
transition  of  H02  to  OH-  (Eq.  (2))  [26,27]. 

02  +  H20  +  2e-^H02“  +  OH“  (1) 

H02-  +  H20  +  2e“  ^30H“  (2) 

It  is  common  in  the  literature  to  attribute  two  successive 
cathodic  peaks  (pc  and  p2  in  Fig.  5c  at  1  mV  s-1)  to  the  sequential 
reduction  of  Mn4+  and  Mn3+  species  according  to  the  mechanism 
as  the  following  equations  [11,12,27]: 

Mn02  +  H20  +  e"  ~  MnOOH  +  OH“  (3) 

MnOOH  +  02  ~  MnOOH-  •  -02  (4) 

MnOOH- • -02  +  e  Mn02 -1- H02  (5) 

The  total  reaction  of  Eqs.  (3)— (5)  equals  to  Eq.  (1 )  with  an  overall 
2e  transfer.  For  reaction  (1 ),  02  is  reduced  to  H02  which  is  catalyzed 
by  the  largely  unreduced  Mn02  surface  and  by  the  CMs  support 

[12]. 

The  pi  and  its  associated  p2  peaks  could  be  explained  that  they 
are  due  to  the  second  electron  transfer  step  generating  Mn2+  spe¬ 
cies  from  MnOOH  (Eq.  (3))  [12  .  The  other  explanation  is  due  to  the 
CMs  support  effect,  which  can  play  a  role  as  well  in  the  magnitude 
of  the  pi  and  p2  peaks  observed  in  the  present  study  [12].  With 
increasing  scan  rate,  pi  and  p2  are  gradually  become  unobvious. 

Additionally,  the  reduction  peaks  shift  slightly  to  more  negative 
potentials  at  higher  scan  rates  as  illustrated  in  Fig.  5c,  demon¬ 
strating  this  composite  catalyst  has  excellent  reproducibility. 


-0.6  -0.4  -0.2  0.0  0.2 


Potential  N  vs.Hg/HgO 


-20 


-0.8  -0.6  -0.4  -0.2  0.0  0.2  0.4 

Potential  N  vs.Hg/HgO 

Fig.  5.  CVs  of  the  7.32%MnOx/CMs  air  cathode  in  different  ambience  in  6  M  KOH:  in  N2- 
purged  at  scan  rate  10  mV  s-1  (a),  in  air  saturated  (line  A)  and  in  0.5  mM  H202  of  6  M 
KOH  (line  B)  at  scan  rate  10  mV  s-1  (b),  at  different  scan  rates  (c)  (GC  electrode  as  the 
working  electrode,  Hg/HgO  as  the  reference  electrode,  a  sintered  Ni-mesh  as  counter 
electrode).  298  K. 
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Fig.  6.  Impedance  spectra  of  the  CMs  and  7.32%MnOx/CMs  in  6  M  KOH  and  the 
equivalent  circuit  of  the  electrodes  (inset).  298  K. 

Furthermore,  the  cathodic  peak  current  increase  with  the  scan  rates 
and  are  proportional  to  the  square  roots  of  scan  rates  from  1  to 
20  mV  s-1,  which  indicates  a  diffusion  controlled  for  the  ORR  at 
electrode  with  7.32%MnOx/CMs. 

In  Fig.  6,  the  impedance  spectra  of  the  CMs  and  7.32%MnOx/CMs 
electrodes  are  consisted  of  one  semicircle  and  a  slope.  Inset  is  the 
equivalent  circuit  of  the  electrodes,  where  Rl,  R2,  CPE1  and  CPE2 
are  denoted  as  solution  resistance,  electrochemical  reaction  resis¬ 
tance,  double  layer  capacitance  and  the  diffusion  capacitance, 
respectively.  Due  to  the  porous  morphology  of  electrodes,  a  con¬ 
stant  phase  element  (CPE)  replaces  the  capacitor  elements 
reasonably.  A  CPE  is  usually  defined  as  {Y(jw)}-1.  A  nonlinear,  least- 
square  fitting  calculation  is  performed  using  the  equivalent  circuit. 
For  CMs  electrode,  the  R2  and  CPE1  value  (T)  are  10.15  Q  cm2  and 
0.386  F  cm-2,  and  7.32%MnOx/CMs  electrode  are  1.02  Q  cm2  and 
0.426  F  cm-2.  The  R2  of  the  7.32%MnOx/CMs  electrode  is  obviously 
much  lower  than  that  of  the  CMs  electrode.  Therefore,  it  is 
concluded  that  7.32%MnOx/CMs  has  higher  electrochemical  activity 
for  ORR,  which  is  consistent  with  the  polarization  curves  and  CVs. 
In  addition,  the  CPE1  value  (T)  is  the  value  of  the  double  layer 
capacitance  of  the  electrode,  which  relates  to  the  true  electro¬ 
chemical  reaction  areas  of  the  electrode.  The  double  layer  capaci¬ 
tance  of  7.32%MnOx/CMs  electrode  is  larger  than  that  of  the  CMs 
electrode  obviously  which  means  7.32%MnOx/CMs  electrodes  has 
larger  reaction  area. 

4.  Conclusions 

A  facile  method  for  the  synthesis  of  CMs  has  been  studied  by 
reflux-calcination.  The  manganese  oxide  loaded  on  CMs  catalyst  is 
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prepared  by  impregnating  and  manganese  oxide  appears  homo¬ 
geneously  immobilized  on  CMs  surface.  The  7.32%MnOx/CMs 
composite  catalyst  exhibits  a  much  higher  catalytic  activity  on  large 
surface  and  apparent  exchange  current  density  for  ORR  in  alkaline 
media,  and  the  oxygen  reduction  on  manganese  oxides  undergoes  a 
two-electron  (2e)  pathway,  which  has  potential  applications  in 
metal-air  and  fuel  cells. 
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